Abstract. We report on the observation of the second harmonic emission from underdense plasma without Raman scattering instability. Obtained second harmonic images were strongly depended on the polarization of the pump pulse. Experimental results were compared with the theoretical model of the second harmonic generation excited by ponderomotive electrons.
INTRODUCTION
The second harmonic emission from underdense plasma has been observed and explained [l-4] . In their reports, the second harmonic emission was generated ionization edge, or by the laser-plasma instabilities such as self-focusing, filamentation, or stimulated Raman scattering (SRS). In this paper, we report on the second harmonic generation from the underdense He plasma in a regime of the standard laser-wakefield illuminated by high intensity laser from 1.4xl0 17 to 5xl0 17 W/cm 2 . We explained the experimentally obtained results by using the theoretical model of the second harmonic emission from the ponderomotively excited the plasma density gradient.
EXPERIMENTAL CONDITIONS
The experimental setup is shown in Fig. 1 . The experiments were performed with a 10 Hz Ti:Sapphire CPA laser system (A,=800 nm). In these experiments, the pump laser pulse had a typical duration of 100 fs [full-width at half maximum (FWHM)] and energies ranging from 12 to 50 ml. The pump pulse was directed through two K /4 wave plates to vary the polarization. The pump pulse was focused by a fused silica planoconvex lens of f/4 in the target chamber. The spot size of the pump pulse at the focal plane was measured to be 11 |im in FWHM. Then, the peak intensity was estimated to be 5xl0 17 W/cm 2 at maximum operation. The target chamber was filled with He statically at 2 Torr. The oscillation period of the electron plasma wave (EPW) is estimated to be sufficiently longer than the pulse width of the pump pulse, thus the standard laser wakefield is formed. Therefore, neither SRS instability nor the instabilities in the self-modulated laser wakefield occur. The oscillation period of EPW was experimentally confirmed to be longer than the pulse width of the pump pulse by the frequency domain interferometric technique [5] [6] [7] [8] . The second harmonic emission generated from the plasma was taken with a 16 bit charge-coupleddevice(CCD) camera coupled with an f/4 doublet, which was set behind the interaction point. The pump pulse through the plasma was reflected behind the f/4 doublet by an IR HR mirror. By putting a band pass filter in front of the CCD, only the second harmonic image was selected. The magnification and the spatial resolution of the imaging system were estimated to be 30 times and 3 jiim, respectively. 
RESULTS AND DISCUSSION
In Fig. 2 (a) , the experimentally obtained images of the second harmonics at the focal point are shown for various pump polarizations. These images were obtained by the accumulation of 100 shots. The experimentally obtained second harmonic images apparently have a pump polarization dependence. With linearly polarized pump pulses, the images exhibited two peaks splitting along the direction of the polarization. With a circularly polarized pulse, the second harmonic image became a ring shape. The separation of the two peaks and the diameter of the ring were approximately 10 jim. The separation and diameter correspond to the spot size of the pump pulse.
They do not correspond to the size of the ionized area by tunneling ionization. From the Ammosov-Delone-Krainov (ADK) model [9] , the diameter of the fully ionized region at the focal plane is estimated to be more than 20 jum, which is two times larger than the spot diameter of the pump laser. In this ionized region, all the He atoms are fully ionized. Thus, the spatial density distribution is thought to be constant, FIGURE 2. Second harmonic images for various polarizations of the pump pulse. Images in (a) were obtained in the experiment and those in (b) from the theoretical estimation. The left image was obtained with a horizontally polarized pump pulse, the middle one was with a vertically polarized pump pulse, and the right one was with a circularly polarized pump pulse.
if the ponderomotive effect of the pump pulse is neglected. However, under this experimental condition, the ponderomotive effect cannot be neglected. As is pointed out in Ref. 10 , if the plasma has initial transverse density gradients prior to the arrival of the pump pulse, the second harmonics can be generated. The source current vector for the second harmonic emission J2co is proportional to 8nqV, where Sriq is the charge perturbation by the quivering electrons and v is the instantaneous velocity vector of quivering electrons, v is proportional to ao/y cos cot, where a<> is the normalized vector potential. 8n q is proportional to the product of grad n e *\. Then J2co becomes J2»°c (V«e*ao)aocos 2 cotlj 1 .
Here, the second harmonic emission was generated during laser propagation at the interaction point. Usually grad n e = 0, then J2eo = 0. However, if grad n e ^0, J2co becomes a finite vector. The factor of cos 2 ox corresponds to the electron oscillation emitting the second harmonics.
In Ref.
3, Miyazaki et al. reported that the second harmonic images were observed from the Na plasma at the intensity of ~ 10 12 W/cm 2 . They obtained results similar to those above. In their experiment, the second harmonic emission was generated by the spatial distribution of the electron density which was caused by the spatial distribution of the laser intensity at the focus. Electrons are generated by multiphoton ionization. At 3xl0 12 W/cm 2 , which was the maximum irradiation intensity in their report [3] , the saturation of multiphoton ionization begins. The obtained image in Ref. 3 seems to be similar to ours. However, if the irradiation intensity increases sufficiently, the saturated volume around the focal point also increases. Therefore, the second harmonics should be generated from a wider area in the saturated case than in the nonsaturated case. Also, Liu et al. have studied the second harmonic generation in a plasma where the plasma wavelength was longer than the pulse duration of the pump pulse [4] . In their report, the irradiation intensity is much higher than that in Ref. 3 , however it reaches ~10 16 W/cm 2 at most. They observed the intensity of the second harmonic emission I2co scales la/' 5 . Here, I^ is the irradiation intensity of the pump pulse. They attributed this scaling to the effect of increasing partially ionized area over saturation of tunneling and/or multiphoton ionization. In our case, the same type of the second harmonic generation is thought to occur, because the irradiation intensity is much higher than theirs. However, the source current of the second harmonic emission J2co caused by the ponderomotively excited electron density gradient is much higher than that caused by the inhomogeneous electron density distribution at the partially ionized area in Refs. 3 and 4. Moreover, under our experimental conditions, the second harmonic emitting area is much smaller than the partially ionized area, which will be discussed later. Therefore, in our case, the observed second harmonic emissions are mainly from the J 2( o caused by the ponderomotively excited electron density gradient, not from that caused by the inhomogeneous electron density distribution at the partially ionized area. We attempted to calculate the second harmonic images by the ponderomotively excited electron density gradient. In order to estimate the second harmonic images, we calculated the spatial distribution of the electron density n e (r,t) by taking the electron dynamics into account. We solved the following equation of motion numerically.
(2)
Here, K is a proportional constant. Moreover, the instantaneous laser intensity I(r,t) can be given by f fir where the temporal and spatial distributions were assumed to be Gaussian. In this calculation, ro and to are 6.6 |im and 60 fs, respectively. These values were obtained from experimental results. In estimating n e (r,t), the initial spatial distribution of electron density is assumed to be constant for any spatial point. We calculate the position of an electron by solving Eq. (2) for each point in time. By this procedure, the spatial distribution of electron density can be determined at each time. J2co(i%t) can be obtained by grad n e (r,t) and ao(r,t). The temporal intensity distribution of the second harmonic emission is given by | Jzco I 2 . In Fig. 2(b) , the time integrated | J2co I 2 image is shown. The calculated images were in good agreement with the experimentally observed images. In our calculation, we did not take the longitudinal density gradient into account because under our focusing conditions, the longitudinal density gradient is negligible compared with the lateral density gradient [7, 8] . Particularly for the polarization dependence, the term of grad n e *&b is strongly related to the spatial distribution of the second harmonic emission. In the circularly polarized pump pulse, a ring-shaped pattern was obtained because grad n e *2^ is finite for any azimuthal direction from the center of the focus, while split patterns were obtained in the linearly polarized pump pulse. In the linear case, the direction of splitting was the direction of polarization. Moreover, at the central part of the focus, grad n e =0. Then we can see the dark area at the center in all cases.
Next, we will discuss the polarization of the second harmonic emission. To estimate the polarization of the second harmonic emission, the transmitted intensity through a polarizer, which was placed in front of the CCD camera, was measured as a function of the rotation angle of the polarizer. In Fig. 3 , the experimental results are shown. With a linearly polarized pump pulse, the transmitted intensity apparently changed with rotation of the polarizer. In contrast, the intensity was almost constant for any angle of the polarizer with a circularly polarized pump pulse. These experimental results suggest that the polarization of the generated second harmonic emission is the same as that of the pump pulse. In the theoretical model discussed above, the polarization of the second harmonic emission is given by J2co, which is proportional to ao. This means that the polarization of the pump pulse gives that of the second harmonic emission. Rotation angle (deg.)
Transmitted intensity of the second harmonic emission through the polarizer was plotted as a function of the rotation angle of the polarizer. Dots were obtained with a linearly polarized pump pulse. Squares were obtained with a circularly polarized pump pulse.
As has already been pointed out in our previous report [ll] , the intensity of the second harmonics was proportional to the pump intensity with a power of 1. . In this paper, we also paid attention to the intensity dependence of the second harmonic image. In Fig. 4 , the separation of two peaks in the second harmonic image was plotted as a function of the pump intensity between 1.4xl0 17 W/cm 2 and 5xl0 17 W/cm 2 . Dots were obtained from the experiment. The separation did not change significantly with increasing laser intensity. Crosses were obtained by the theory described above. They are in good agreement with each other. Therefore, the split images were thought to be caused by the electron density gradient, which was formed by ponderomotive pressure of the pump pulse. The measured second harmonic emission was not produced by the edge of the ionized region. We have also plotted the diameter of the ionized region, which was estimated by the ADK theory [9] , represented by diamonds in Fig. 4 . The ionized region is much wider than experimental values. 
SUMMARY
This experiment provides the second harmonic emission from underdense plasma in a regime of the standard laser-wakefield. The second harmonic images strongly depended on the pump polarization. And the measured polarization of the generated second harmonics was the same as that of the pump pulse. These experimental results were well explained by the theoretical model, in which the plasma density gradient by ponderomotive pressure plays an important role for generating the second harmonic emission.
